particles/g sec ster Mev (1)
The production spectra of Perola and Scarsi refer to times near solar minimum. They are based upon the fluxes and energy spectra of cosmic-ray protons and helium nuclei in 1965, as presented by Ormes and Webber [19'66] . Given the cosmic ray spectra fo.r a different level of solar modulation, the production spectra of Perola and Scarsi are easily adjusted for the change of the cosmic ray flux. We determine the production spectra for the time of our balloon flights in the summer of 19'68 when the Mr. Washington neutron monitor level was 2200 (J. A. Lockwood, personal Communication, 1968). We use the regression curves published by Webber [1967] to construct the integral kinetic energy/nucleon spectra of protons and helium nuclei for this modulation level. At high energies, we adjust the spectra to recent data on protons and helium nuclei above 10 Ormes and Webber [1966] and by (2). Solid curves are for a geomagnetic cutoff <0.5 Gv, dashed curves a.re for 4.5 Gv. For energies near the maximum of the spectra, the fluxes in 1965 and 1968 differ by a factor of 2.0 and 1.7 for geoma.gnetic cutoffs of <0.5 Gv and 4.5 Gv, respectively. Also shown in Figure i are the production spectra of knock-on negatrons for the same two values of the cutoff. These spectra are numerically calcula.ted for a flux of cosmic ray protons and heavier nuclei as given by (2) to (4). Since the cross section for a collision of a charge Z particle with an atomic electron [Rossi, 19'52 ] is proportional to Z •, multiply charged nuclei contribute strongly to this source. For zero geomagnetic cutoff, we find that ,•0.46 of the knock-on negatrons at 10 Mev are produced by particles heavier than protons (the fraction varying slightly with energy). In addition to knock-on negatrons produced by the nucleonic component, there will also be knockons created by electrons. This source will be discussed below in connection with the electromagnetic cascade process.
DEPTH DEPENDENCE OF THE PRODUCTION RATES
We next discuss the function D, (E, x) in (1). For a pure power-law shape of the cosmic ray spectrum, the flux of high-energy nucleons is attenuated exponentia, lly with atmospheric depth. The attenuation length A is related to the nucleon interaction length :% --80 g/cm' by [e.g., Brooke Table 1 . For a 4.5-Gv cutoff, we obtain an attenuation profile for the low-energy pion production rate that closely resembles curve 1. This indicates that the shape of the pion production spectrum at 4.5 Gv in 1968 is independent of atmospheric depth.
Curve 3 in Figure 2 shows the depth dependence Dco•(E, x) for the production rate of knock-on negatrons, calculated in the one-dimensional approximation for particles traveling vertically downward. The one-dimensional approximation is applicable, since knock-ons in the energy range considered here are strongly collimated in the forward direction. The fast initial decay of curve 3 results from the rapid attenuation of multiply charged nuclei. Deeper in the atmosphere, production of knock-on negatrons by muons is accounted for and causes the attenuation length to increase. We use the same depth dependence for knock-ons of all energies, neglecting a slight variation in the shape of the production spectrum with depth that might be caused by the changing composition of the parent particles. The attenuation lengths for the exponential approximation (dashed lines) are listed in Table 1. We now consider electrons and photons from the decay of charged and neutral pions. The relationship between the depth dependence of the pion production rate and the corresponding electron source is determined by the kinematics of the •r --> t• -• e decay. We assume for the pion source the exponential attenuation derived above for discrete depth intervals:
The attenuation of the electron production rate is derived with the following simplifying assumptions ( Consider now the transport of atmospheric secondary negatrons, positrons, and photons, as well as of residual primary electrons with differential (kinetic) energy spectra I-(E, x), [+(E, x), g(K, x), and p(E, x), respectively. E and K are the charged-particle kinetic energy and the photon energy, respectively, and x is the vertical atmospheric depth. Within the one-dimensional approximation of electromagnetic cascade theory [Rossi, 1952] , the transport in energy and space is described 
Ox ----O-• •xx p(E, x) (16)
The first term in each of the four equations is the loss term, e.g., •(K) in (15) to the nucleonic component, as given in Figure 1 and Table 1 .
At x --0, initial conditions are specified for the production spectra Q,(E, 0) and the spec- Table 1 ). The integration of (13) to (16) Here we only note that energy loss by ionization, the Compton effect, and the production of knock-on negatrons are neglected in approximation .4, whereas bremsstrahlung is correctly treated as discontinuous process; the stationary solutions apply when the production spectra are power laws in energy. Above 4 Gev, we approximate the production spectra shown in Figure . 1 by powerlaw spectra with exponents --2.6 and --3.6 for photons and electrons, respectively. We then obtain analytical solutions for the spectra x), )•+(E, x), g(K, x), and p(E, x), valid above 4 Gev and at all depths. They provide a quite accurate description of the cascade development in the high-energy region. At 4 Gev, the numerical solution does not necessarily fit the We have approximated the functional depth dependence of the total secondary flux (related to cosmic ray nuclei and to primary electrons) by power laws in x for two discrete depth in- 
In comparing experimental and theoretical fluxes, we have to remember that b/-depends on ff(x) via (17). For the data discussed below, however, the second term on the right side of (18) If adjusted by the factor a, -+, the calculated curves excellently reproduce the measured intensity as a function of atmospheric depth. The agreement then extends beyond the data points used in the least squares fit to atmospheric depths near and past the transition max, mum. This indicates that our general approach is appropriate to describe the propagation of lowenergy secondary electrons through the atmosphere. The agreement at great depths adds to our confidence in the derived functional depth dependence for x _< 40 g/cm 2, as depicted in Figure 7 . The measurements in Figure 8 confirm the predicted difference in the depth dependence of low-energy negatrons and positrons.
The log-log slope of the experimental growth curve for 6.5-to 12.5-Mev negatrons is less than 1, in agreement with the value given in Figure 7 . On the other hand, the buildup of the 12.5-to. 25-Mev positron flux proceeds, in fact, at a rate slightly exceeding a linear growth. An accurate determination of a small primary flux thus requires a careful consideration of the relevant growth rates.
In Figure 9 , we present the differential kinetic energy spectra of negatrons and positrons at 2.4-, 24-, and 240-g/cm • atmospheric depth. Data points are the same as in Figure 8 ; the solid curves represent the calculated energy spectra based upon the production spectra of Table 2 , where it can be seen that the revised production rates have no significant effect on the depth dependence of the secondary flux. We emphasize that only this functional dependence of secondaries upon depth, and not their absolute flux, is used in fitting the expected secondary flux to a measured growth curve.
We have demonstrated that the propagation of low-energy atmospheric secondary electrons and photons moving in the vertical direction We find that the spectral shapes of low-energy negatrons and positrons undergo a rapid change with increasing atmospheric depth within the first 40 g/cm • of atmosphere. This feature is not present in earlier studies neglecting energy losses [Perola and Scarsi, 1966; Verma, 1967] . The spectra reach an equilibrium state only beyond the transition maximum. The photon spectrum at energies below ~70 Mev is dominated by the cascade processes rather than by decays of neutral pions. In the high atmosphere, the peak at 68 Mev from 7• ø decays is masked by bremsstrahlung photons from primary and reentrant albedo electrons. This explains the steep photon spectrum observed by several investigators [e.g., Duthie, 1968] .
The prime objective of this study of the propagation of atmospheric electrons and photons has been the derivation of the functional SECONDARY ELECTRONS AND PHOTONS 4307 dependence of the secondary -flux upon depth. The calculated depth dependence fits our measured growth curves over a wide depth range, from the high atmosphere to depths beyond the transition maximum. It should be emphasized that this functional depth dependence deviates considerably from the commonly assumed linear growth. Our results are therefore useful for determining the contribution of atmospheric secondaries to measurements of the electron (and photon) flux at balloon altitudes. The functional depth dependence in 1968 for depths < 40 g/cm •' is given in Figure 7 . The solar cycle change of the functional depth dependence is found to be quite small (see Table 2 
